ABSTRACT
INTRODUCTION
Most wind tunnel tests are used with scaled models but with the intention of finding the characteristics of a full-scale aircraft in flight. However, there is a great leap between a small-scale wind tunnel model and a full-scale aircraft in flight. Differences in model fidelity, flow conditions and suspension interferences may cause the scale model test not to be representative of the full-scale aircraft. To evaluate the correction of the measured aerodynamic coefficients, the differences between free flight and tunnel conditions should be identified. There are experimental, empirical, and CFD methods used as correction technique data depending on the flow conditions (Reynolds and Mach number effects), geometry, and types of measurements [1] , [2] , [3] , [4] , [5] . Many experimental and empirical methods are used in combination with CFD technology for more accurate results [6] , [7] , [8] .
Among the listed possible sources of differences between free flight testing and wind tunnel testing, this paper is focused on preliminary estimation of measurement errors due to scale effects differences and model-sting interaction for the chosen measurement setup.
The dependency of the aerodynamic properties on the Reynolds number is a typical example of the socalled Reynolds number scaling effects, which play an important role when results from subscale wind-tunnel tests must be extrapolated to flight conditions [9] .
The method of measuring aerodynamic coefficients depends on the available working space dimensions. If this space is small, the model size is limited by the available space. The problem is how to organize the measurement given a very small model held on a balance fixed to a sting. The sting should be big enough to accommodate the wires from the balance to the acquisition computer and rigged enough to avoid its bending. The attachment of the sting to the balance must be provided without contact with the model airframe.
The build-up method will be used to evaluate the necessary corrections due to Reynolds number and model support interactions. is small, the transport airplane model must be scaled. For example, regional airplane Dash 8 Q400 could be used as a model, but it should be scaled 1:100. In addition, to hold the model inside the test section, the after body must be truncated. The balance-sting connection shown in Figure 2 will be introduced through the rear part of the truncated body. The interfering flow effect due to the presence of the sting, instead of the truncated part of the after body, will be called the sting interference.
The goal of this paper is to make a preliminary estimation of differences between the aerodynamic coefficients of the airplane in flight and its model in the wind tunnel. These differences are due to the sting interference, the fact that the model must be truncated and the difference between the Reynolds number of the airplane in flight and the airplane model in the tunnel. The estimated differences between the aerodynamic coefficients will also be the corrections of the measurements in the wind tunnel to match the free
THE PROBLEM AND PROPOSED METHOD
The Faculty of Transport and Traffic Sciences in Zagreb has a small subsonic wind tunnel named AT-1 and located in the Aerodynamic Laboratory at the University Campus Borongaj. The tunnel has a small open test section with an elliptic cross-section. The test section is 310 mm high, 352 mm wide, and 450 mm long ( Figure 1) .
The airflow in the tunnel is produced by a single-stage fan powered by a 4-kW variable-speed synchronous motor with a variable-frequency speed controller up to 50 Hz. The maximum air velocity is up to 50 m/s. The wind tunnel is equipped with a NetScanner Pressure Measuring System on the model. It is mostly used for educational purposes.
To improve the educational and research activities, the wind tunnel facility should be upgraded with an internal strain-gauge balance for measuring the aerodynamic characteristics of aircraft. Since the test section The model of the aircraft for the tunnel measurements is shown in Figure 4 . Since the body of the chosen transport aircraft does not have the base to introduce the sting through it, one small part of the after body (normal to the x axes) must be cut off to install the sting. The cross section of the cut part is S 0x , as shown in Figure 4 . In this setup, the model must not be in contact with the sting during measurements. The diameter of the sting should be small, and at the same time the sting should be rigid enough not to bend more than 0.1°.
Since the model is open at the rear, it is not possible to apply Equations 1 and 2 for estimation of the aerodynamic coefficients. New equations for the aerodynamic coefficients of the model in the tunnel must be developed.
All the values related to the airplane in flight are marked with the index l, and all the values of the wind tunnel model with the index m.
As there is no flow through the airplane model (no leakage), the inner pressure p r is constant and equal to the pressure measured on the ring S 0x -S s (in the hole around the sting). Let FV v be the force of the balance acting on the model, therefore the equation of the equilibrium of all forces acting on the model is: 
The aerodynamic coefficients of the airplane in flight and the wind tunnel model
The aerodynamic coefficients of the airplane in cruise ( Figure 3 ) without a sideslip angle are axial force along x axis, C A and normal force along z axis, C N [9] :
where: -cross-sectional area of the base of the body, S e -exterior surface of the body, wing, horizontal and vertical tail, and all others parts of the aircraft without the surface of the base,
-the shear stress on the exterior surface of the airplane in flight:
x t x = r -dimensionless shear stress on the exterior surface in the direction of the x axis, all values for the airplane in flight. The viscous part of the normal force usually is neglected. Equations 1 and 2 are valid only for aerodynamic coefficients of airplane in flight. It can be observed that Equation 11 has three parts: 1) the difference due to the shear stress or friction, 2) the difference due to the pressure, and 3) the increase of axial coefficient due to model support interferences. The first part is:
Even if xl xm x x = r r , there would still be the difference due to the different areas of integration because The difference component due to shear stress caused by different Reynolds numbers of the flow around the aircraft in flight and around the model in the tunnel is more important than the difference due to the different areas of integration.
The second part of the axial coefficient's difference is:
Therefore, the second part of the difference between axial coefficients has two components: -First, it has different areas of integration. In the case of the airplane in flight, the exterior surface is complete, since in the case of the model in the tunnel the exterior surface is reduced for the cutoff part S 0 . -The second component of Equation 13 is due to the different pressure coefficients C C pm pl = Y . For subsonic flow, the air perturbation, due to removal of the surface S 0 , is transferred upstream and causes changes of pressure coefficient. Finally, the third part of Equation 11 is the increase of axial coefficient due to model support interferences:
where C pr is the pressure coefficient based on the measured pressure in the ring between the hole and the sting.
The differences between normal force coefficients
Subtracting Equation 2 from Equation 10 yields the difference between normal force coefficients: 
The axial component A of aerodynamic force in Equation 4 along the x axes is equal to: 
where C pr is the pressure coefficient on the ring between the sting and the cut-off surface S 0x . The normal aerodynamic force is obtained by projecting Equation 4 on the z axes. The viscous part is neglected:
With the air not moving through the wind tunnel, Equation 8 becomes
By subtracting Equation 9 from Equation 8 and dividing the result with the reference surface of the model S ref and dynamic pressure in the tunnel's working space tV 2 /2, the normal force coefficient C Nm is given:
The differences between axial coefficients
The difference between the axial force coefficients for the aircraft in flight and the wind tunnel model is given by equation: 
The second part of the axial correction
It is accepted that the difference between the second parts of the axial coefficients given by Equation 13 is only the difference due to the pressure distribution on the afterbody:
The observation on the different areas of integration is the same as for the axial force coefficient. Therefore, the difference between normal force coefficients also has two components: one due to different areas of integration, and another due to different pressure coefficients C C pm pl = Y .
THE EVALUATION OF THE CORRECTIONS
The corrections introduced in section 2 will be evaluated using a 1:100 model of Dash 8 Q400 regional transport aircraft, part of the Croatian national airlines fleet. The cruise velocity of the airplane is approximately V=185 m/s at the altitude of H=6,000 m in standard atmosphere.
The first part of the axial correction
The first part of the correction, i.e., Equation 12 , is estimated by the equation
where: S eli -the exterior surfaces of all parts of the airplane in flight (wetted surfaces of i part) and S emi -the same for the model in the tunnel.
The friction coefficient for each part C fi is the average skin friction coefficient for smooth flat plate that depends on Reynolds number and is applicable for preliminary calculations. For cruise flight velocity of 185 m/s and altitude 6,000 m, and for assumed surface roughness height of h=10 μm, the roughness Reynolds number is Re h =V · h/v=185 · 10 · 10 -6 /0.242 · 10 -4 =76.4. From [10] it follows that Re t =1 · 10 6 gives the transition position of l t =0,170 m. Since the laminar part is very short, it is accepted that the boundary layer of each aircraft part is turbulent. If the surface roughness height was bigger, this assumption would be even more justified, since this means an even shorter laminar boundary layer. For each part of the airplane in flight, the reference length, Reynolds number Re i , friction coefficient C fi , and wetted surface ( Table 1) are calculated.
The total skin friction coefficient for aircraft in flight is: 
The normal force coefficient correction
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It is accepted that the difference defined with Equation 15 is only due to the missing part of the afterbody. Therefore, this difference is estimated simply as the difference between the normal force coefficients on the afterbodies:
The empirical method gives the value of the normal-force-curve slope at zero angle of attack due to conical boat-tailing based on the cross-sectional area of the body as reference surface for airplane in flight, 
Therefore, the correction of the normal-force-curveslope C Na coefficient for the reference surface S ref is given by:
This value is of the same order of magnitude as measurement errors, since C Nal =6.32 [13] .
CONCLUSION
The problem of aerodynamic coefficients estimation in a small subsonic wind tunnel regarding corrections has been addressed in this paper. The problem consists of evaluating the sting support interference, pressure distribution differences, and Reynolds number effects for a 1:100 regional turboprop aircraft in air flow with low subsonic velocity. The results of this research indicate that the Reynolds number effects are very high and that wind tunnel AT-1 has limited usage for aerodynamic coefficient determination of the proposed airplane. The axial force coefficient results indicate that the biggest and most important correction is due to the difference in Reynolds number. The problem of measurement setup of aerodynamic forces
The boat-tail pressure-drag coefficient (C Ab ) l is given in the literature [11] 
The S b is very small for the airplane, meaning that the airplane base drag will also be very small. To calculate the second member in Equation 14, the increase of axial coefficient due to model support interferences, it is necessary to measure the pressure C pr in the ring between the hole and sting. In this paper, for prediction purposes only, the influence of the sting on this pressure is neglected and used as C pb =C pr =-0.12, according to literature [9] . For the sting diameter of 10 mm, it follows that S S =78.5 mm 2 , and if the cross section diameter is 12 mm, S 0x =113 mm 2 . Therefore, 
It follows that the axial coefficient of the airplane in flight is 62 drag counts smaller than the measured axial coefficient on the wind tunnel model. in this small wind tunnel gives in this case a correction six times smaller than Reynolds number corrections. If the axial coefficient is accepted to be about 0.0230 [13] for airplane in flight, the total axial force correction is 27% of the measured axial force. If the axial correction estimation is repeated referring to the turbulent skin friction of the tunnel model using the same approach as for the airplane in flight, the correction is even bigger. For the laminar skin friction in the tunnel . C 0 0052
f A D = -, and for the turbulent skin friction the result is . . C 0 0138
f A D = -Since the correction of the normal force slope is only 0.44 %, it follows that the correction of the pitching moment coefficient will also be small. The conclusion is that the coefficient of the normal force and the pitching moment can be measured in the given conditions. Regarding the axial coefficient, the necessary corrections are very important and should be carefully evaluated when considering using this wind tunnel in research activities.
